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INTERFEROMETRIC FORCE SENSOR FOR
SURGICAL INSTRUMENTS

CROSS-REFERENCE OF RELATED
APPLICATION

This application claims priority to U.S. Provisional Appli-
cation No. 61/365,995 filed Jul. 20, 2010, the entire contents
of which are hereby incorporated by reference, and 1s a U.S.
national stage application under 35 U.S.C. §371 of PCT/
US2011/044724, filed Jul. 20, 2011, the entire contents of
which are imncorporated herein by reference.

This invention was made with Government support of
Grant No. 1R01 EB 007969-01, awarded by the Department

of Health and Human Services, NIH. The U.S. Government
has certain rights 1n this invention.

BACKGROUND

1. Field of Invention

The field of the currently claimed embodiments of this
invention relates to surgical instruments and systems that
incorporate the surgical mnstruments, and more particularly to
systems and surgical mstruments that have integrated force
SEeNSors.

2. Discussion of Related Art

In current practice, retinal surgery 1s performed under an
operating microscope with Iree-hand instrumentation.
Human limitations include an 1nability to clearly view surgi-
cal targets, physiological hand tremor, and lack of tactile
feedback 1n tool-to-tissue interactions. In addition, tool limi-
tations, such as lack of proximity sensing or smart functions,
are 1mportant factors that contribute to surgical risk and
reduce the likelihood of achieving surgical goals. Current
instruments do not provide physiological or even basic inter-
pretive information, e.g. the force exerted by the instrument
on the retinal tissues. Surgical outcomes (both success and
tailure) are limited, in part, by technical hurdles that cannot be
overcome by conventional instrumentation.

The tool-to-tissue interaction forces commonly encoun-
tered 1n retinal microsurgery are generally far below human
perceptual limits [1-4]. If too much force 1s exerted on the
retina, then 1t may be damaged. Typically, surgeons rely
entirely on visual appreciation of tissue deformation to esti-
mate how close tool-to-tissue forces are approaching to unac-
ceptable limits. However, this skill 1s not easily learned and
making such estimates 1s difficult even for an extremely
skilled surgeon. Similar challenges may be found in other
microsurgical disciplines, including non-retinal ophthalmic
surgery, neurosurgery, otologic surgery [6-9], micro-vascular
surgery, etc. Even in surgical situations where the actual
tool-to-tissue forces may be larger than encountered 1n micro-
surgery, such as endoscopic surgery, the tool-to-tissue forces
may be difficult to measure or for the surgeon to appreciate
directly, due to friction, mechanical constraints, mampulation
limitations, etc. These considerations have led a number of
researchers to consider methods for incorporating force sen-
sors 1nto surgical instruments. This force information may be
used 1n various ways to assist the surgeon, including use in
“sensory substitution” (e.g.,[1, 3, 10-12]), in various forms of
haptic feedback (e.g., [10, 15]), or otherwise incorporated
into control of robotic devices (e.g., [10, 16]).

For example, 1n retinal surgery (FIG. 1) the surgical tool 1s
inserted through the sclera into the eye to perform the
manipulations of delicate tissue during the retinal surgery. To
measure the forces exerted between the tissue and the tool tip
1s very challenging. The force sensing mstrument should be
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capable of measuring the tissue-to-tool force in three dimen-
s1ons with sub-millinewton resolution. The sensor should be
placed possibly close to the tool tip 1nside of the eye to avoid
disturbance of sclera-to-tool forces. Thus the sensor must
possess the essential small size so that 1t can be integrated into
the instrument with sub-millimeter diameter. Further require-
ments include biocompatibility, sterilizability and immunity
to electrical noise.

One method for measuring tool-tissue forces 1s incorpora-
tion of a (typically, multiple degree-of-ireedom) force sensor
into the handle of a surgical tool. This method has been
applied for microsurgical force sensing experiments (e.g., [4,
9]). However, in cases such as retinal surgery, where tool-to-
sclera interaction forces can be as large as or larger than
tool-to-tissue 1nteraction forces, this approach has serious
drawbacks. Consequently, there has been interest 1n develop-
ing microsurgical force sensors placed on the distal portion of
the surgical tool, below the 1nsertion through the sclera [13,
14]. Although some similar approaches (e.g., [17-19]) have
been undertaken for laparoscopic tools, where tool-to-trocar
forces can similarly mask tool-to-tissue forces, the challenge
for micro-retinal surgery, where the tool shait diameters can
be 0.5-0.7 mm or even smaller, 1s especially severe. Some
carly work at Johns Hopkins [ 1] used a strain gauge mounted
on a tool shait to measure 1 degree-of-freedom (DOF) forces
deflecting the tool 1n “open” experiments on dissected pig
retinas, but this tool was not practical for insertion through the
sclera. Further approaches include incorporation of electrical
sensors (such as strain gauges) 1nto tiny microsurgical instru-
ments.

There have been several optical fiber force sensors pro-
posed for surgical applications (e.g., [13, 14, 20-23]), as well
as several other optical approaches (e.g., [24, 25]) for surgical
force sensing. These sensors use a variety of physical prin-
ciples, including modifications 1n reflected or transmitted
light intensity, changes in polarization, fiber-Bragg grating
(FBG) sensing, etc. FBG sensors are constructed by produc-
ing a modulation of the index of refraction (i.e., a “grating”)
along the length of an optical fiber [20]. Stretching the fiber
introduces a change 1n the spacing of this grating and, hence,
of the wavelength of light reflected back up the fiber. This
wavelength shift 1s measured to determine the amount of
strain 1n the grating portion of the fiber. In addition to our
work [13, 14], others have applied FBG force sensors to other
sorts of surgical mstrumentation. For example Mueller et al.
[22] have reported a 6-DOF FBG-based force/torque sensor
based on FBG sensors that would be suitable for mounting in
the tool handle or proximal end of robotic surgical instru-
ments, 11 a manner somewhat analogous to [9].

Optical fiber-based sensors have many advantages for
microsurgical applications. The fibers and sensors are mex-
pensive. They are sterilizable by a variety of common means.
They can be made biocompatible. They can be made very
small. They are immune to electrical noise and magnetic
fields. They mvolve no electrical currents. A number of sens-
ing principles may be used to measure delicate displacements
and forces. Further, although this 1s not a consideration for
retinal surgery, they are MRI compatible.

In previously published work [13, 14], our JHU team has
incorporated FBG fibers into the tool shaits of 0.5-0.7 mm
microsurgical instruments to make 1-DOF and 2-DOF force
sensing tools with force resolutions on the order 01 0.25 mN.
Our team has also developed 3-DOF FBG based microsurgi-
cal instruments. One concept for a 3-DOF force sensing tool
1s shown 1n FIG. 2A. Here, lateral forces are measured by
FBG sensors; just as 1n our 2-DOF tools, and axial forces are
measured by a force sensor in the handle. The advantage of
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this scheme 1s simplicity. However, one major drawback 1s
that, although ambiguities introduced by lateral sclera-tool

interactions are eliminated, axial ambiguities introduced by
sclera-to-tool friction are not.

This consideration has led us to develop prototype 3-DOF
tools with all sensing inside the eye[26], as shown 1n FIG. 2B.
In this design, FBG sensors along the sides of the shait mea-
sure lateral detlections of the tool shait as a result of lateral
forces, much as 1s the case with our 2-DOF tools. In principle,
the axial extension of the tool shait in response to axial forces
could also be measured, but there are several drawbacks.
First, the tool 1s very stiff in the axial direction, resulting 1n
low sensitivity. Second, thermal expansion of the tool can also
stretch all the fibers. Consequently, lateral forces are actually
computed differentially, using 3 FBG sensors to compute two
lateral forces. For axial forces, we use a fourth FBG fiber
running axially through the middle of the tool and attached to
the distal end of a micro-machined compliant section of the
tool shatt.

There are, however, a number of problems with microsur-
gical sensors based on FBG sensing, which our current inven-
tion seeks to address. Some of these problems include:

The FBG fibers must be firmly attached along the sides of
the tool. This can involve a difficult manufacturing pro-
cess, and glue compliance, viscous response, and hys-
teresis between the FBG and the tool shatt can introduce
problems. There are similar (and even more challeng-
ing) manufacturing and attachment problems associated
with the “axial” fiber, which must also be pre-loaded.

The FBG fibers have significant stiffness. This especially
alfects the axial force sensitivity of the tool, since the

mechanical advantage from the bending of the tool shaft
on the stretching of the lateral FBG fibers 1s lost.

The micro-machined grooves into the tool shatt to produce
a compliant section, as shown in FIG. 2B, can become
clogged with matenial, thus affecting the tool’s calibra-
tion and also creating cleaning/sterilization problems 11
the tool 1s to be reused.

Obtaining good signal-to-noise characteristics requires
that the FBG grating be fairly long (typically about 10
mm on our microsurgical tools). This constrains the
design of the tool and also can cause problems if external
forces are exerted on that portion of the tool shaft con-
taining or proximal to the grating.

There thus remains a need for improved surgical tools and

systems for microsurgical applications.

SUMMARY

A surgical tool system according to an embodiment of the
current invention includes a surgical tool, and an interferoms-
etry system optically coupled to the surgical tool. The surgical
tool includes a body section, a sensor section at least one of
attached to or mtegral with the body section, and a surgical
section at least one of attached to or integral with the sensor
section at an opposing end of the sensor section from the body
section. The sensor section comprises an interferometric opti-
cal sensor defining a reference distance that changes in
response to at least one of a force or a torque when applied to
the surgical section of the surgical tool.

A surgical tool according to an embodiment of the current
invention includes a body section, a sensor section at least one
of attached to or integral with the body section, and a surgical
section at least one of attached to or integral with the sensor
section at an opposing end of the sensor section from the body
section. The sensor section includes an interferometric opti-
cal sensor defining a reference distance that changes in
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response to at least one of a force or a torque applied to the
surgical section of the surgical tool.

BRIEF DESCRIPTION OF THE DRAWINGS

Further objectives and advantages will become apparent
from a consideration of the description, drawings, and
examples.

FIG. 1 1llustrates a microsurgical tool and forces that can
occur inretinal surgery [13, 14] to help explain some concepts
of the current mnvention.

FIGS. 2A and 2B 1illustrate FBG-based 3DOF force sens-
ing tool concepts. FIG. 2A shows lateral forces from FBG
sensors on the tool shaft and an axial force sensor in the
handle. FIG. 2B shows lateral forces from FBG sensors mea-
suring lateral deflections of the tool shaft and axial forces
from additional fiber measuring extension of a micro-ma-
chined compliant section of the shatt.

FIG. 3 1llustrates concepts of intrinsic and extrinsic Fabry-
Perot interferometers [ 5] for use with some embodiments of
the current invention.

FIG. 4 1s a more detailed view of a typical extrinsic Fabry-
Perot sensor [27] corresponding to the lower portion of FIG.
3.

FIG. § 1s a schematic illustration of a surgical tool and
surgical tool system according to an embodiment of the cur-
rent 1nvention.

FIG. 6 1s a schematic illustration of a surgical tool and
surgical tool system according to another embodiment of the
current invention.

FIGS. 7A and 7B are schematic illustrations of a surgical
tool and surgical tool system according to another embodi-
ment of the current ivention.

FIGS. 8A and 8B are schematic illustrations of a surgical
tool and surgical tool system according to another embodi-
ment of the current invention.

FIGS. 9A-9C are illustrations of a surgical tool including
an example with a Nitinol flexure according to an embodi-
ment of the current invention.

FIG. 10 illustrates an alternative arrangement of optical
sensing fibers according to another embodiment of the cur-
rent 1nvention.

FIG. 11 illustrates some concepts ol compliant sections

using examples ol machined Nitinol tubes according to
embodiments of the current invention. Deflections under 1
mN axial deflection are shown.

FIG. 12 shows an example of 3-DOF force sensing tool
with plastic compliant section according to an embodiment of
the current invention.

DETAILED DESCRIPTION

Some embodiments of the current mnvention are discussed
in detail below. In describing embodiments, specific termi-
nology 1s employed for the sake of clarity. However, the
invention 1s not intended to be limited to the specific termi-
nology so selected. A person skilled 1n the relevant art wall
recognize that other equivalent components can be employed
and other methods developed without departing from the
broad concepts of the current invention. All references cited
anywhere 1n this specification are incorporated by reference
as 11 each had been individually incorporated.

Although FBG sensors are relatively easy to use and have
been employed by several groups (including ours) for surgi-
cal force measurement, they do have some significant disad-
vantages, especially in, but not limited to, microsurgical envi-
ronments.



US 9,241,693 B2

S

A fiber Bragg grating reflects a narrow wavelength band of
light that depends on the spacing of the periodic pattern of
varying refractive mndex. (The term “light” as used herein 1s
meant to have a broad meaning that can include, visible,
inirared and ultraviolet light, for example.) A number of other
phase-modulated or interferometric sensor types are known
[5, 20]. One such type 1s the Fabry-Perot interferometer. The
general concept of a phase-modulated sensor 1s that the sen-
sor employs two fibers. The light 1s split into two arms and
injected into each arm. One arm works as a reference while
the other can be perturbed by the environment. When one arm
1s perturbed relative to the reference fiber, the change 1n
interference fringes such as the phase shiit can be measured
precisely by the interferometer. The Fabry-Perot interferom-
eter requires only one fiber. The light beam 1s reflected by a
separate reflector and then interferes with the reference that 1s
derived from the fiber tip [5, 20]. The configuration can be
either 1ntrinsic or extrinsic, as shown in FIG. 3.

FI1G. 4 shows a close-up view of a typical extrinsic con-
figuration corresponding to the lower diagram 1n FI1G. 3. With
the air gap between the lead fiber and reflecting fiber, two
reflection surfaces are formed, the first reflecting surface at
the end of the lead fiber and the second reflecting surface at
the retlecting fiber face. The light beam 1s partially reflected at
the first surface and partially transmitted into the air gap. This
happens again for the transmitted beam at the second surtace
(the second reflecting surtace could be either partial or totally
reflecting). The light beam at the second reflecting surface 1s
then at least partially reflected back and re-enters the lead
fiber. The second retlection travels a longer distance (twice
the air gap length) than light from the first reflection [27], [ 5].

Therefore, some embodiments of the current invention
make use of forms of mnterferometric sensing other than FBG
sensing to measure small geometric changes 1n the microsur-
gical mstrument as 1t complies to tool-to-tissue forces. The
term 1nterferometric sensor 1s intended to exclude FBG
devices which are essentially wavelength selective reflectors
rather than devices that mix two light beams to determine an
optical phase difference.

FIG. 5 1s a schematic illustration of a surgical tool system
100 according to an embodiment of the current invention. The
surgical tool system 100 includes a surgical tool 102, and an
interferometry system 104 optically coupled to the surgical
tool 102. The surgical tool 102 1includes a body section 106, a
sensor section 108 at least one of attached to or integral with
the body section 106, and a surgical section 110 at least one of
attached to or integral with the sensor section 108 at an
opposing end 112 of the sensor section 108 from said body
section 106. The sensor section 108 includes an interferomet-
ric optical sensor defimng a reference distance 114 that
changes 1n response to at least one of a force or a torque when
applied to the surgical section 108 of the surgical tool 102.

The interterometry system 104 includes an optical trans-
mitter 116 arranged to transmait light to the interferometric
optical sensor, an optical recerver 118 arranged to detect light
returned from the interferometric optical sensor such that it
provides an output signal, and a signal processor 120 con-
structed to communicate with the optical recerver 118 to
receive the output signal. The optical transmitter 116, optical
receiver 118 and signal processor 120 can be packaged
together, or can be separate individual and/or distributed
components. The signal processor can be a dedicated, “hard-
wired” device and/or a programmable device, such as, but not
limited to a computer. The signal processor 120 1s configured
to determine a change 1n the reference distance 114 of the
interferometric optical sensor from the output signal from the
optical recerver 118 and to determine at least one of an applied
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force, an applied torque or a local temperature change. In an
embodiment, the signal processor 120 can be configured to
determine a change 1n the reference distance 114 of the inter-
terometric optical sensor 108 from the output signal from the
optical receiver 118 and use it to determine an applied force
on the tool tip 122 of the surgical section 110 with the tissue
124 taking 1nto account a local temperature change.

The interferometric optical sensor 1n sensor section 108 1s
an 1ntrinsic type Fabry-Perot sensor, such as described 1n the
top of FIG. 3. The reference distance 114 of the interferomet-
ric optical sensor 1s defined by two opposing surfaces of a
solid material. Each of the two opposing surfaces 1s at least a
partially reflecting surface. If desired, the retlecting surface
126 can be totally reflecting while the opposing reflecting
surface 1s partially reflecting due to an interface of two mate-
rials with different refractive indices. The solid material sen-
sor section 108 1s a compliant solid matenial that can be
compressed and elongated 1n response to varying forces
applied to the surgical section 110 to provide a change 1n the
reference distance 114.

The surgical tool system 100 further includes an optical
fiber 128 extending along an internal portion of the body
section 106 to the sensor section 108 of the surgical tool 102.

In some embodiments, the surgical tool 102 can be, but 1s
not limited to, a micro-surgical tool. In some embodiments,
the micro-surgical tool can be, but 1s not limited to, a needle,
a pick, a scalpel, forceps, scissors, or a trocar.

FIG. 6 1s a schematic illustration of a surgical tool system
200 according to an embodiment of the current invention. The
surgical tool system 200 includes a surgical tool 202, and an
interferometry system 204 optically coupled to the surgical
tool 202. The surgical tool 202 1includes a body section 206, a
sensor section 208 at least one of attached to or integral with
the body section 206, and a surgical section 210 at least one of
attached to or integral with the sensor section 208 at an
opposing end 212 of the sensor section 208 from said body
section 206. The sensor section 208 includes an interferomet-
ric optical sensor defining a reference distance 214 that
changes 1n response to at least one of a force or a torque when
applied to the surgical section 208 of the surgical tool 202.

The interferometry system 204 mcludes an optical trans-
mitter 216 arranged to transmit light to the interferometric
optical sensor, an optical recerver 218 arranged to detect light
returned from the mterferometric optical sensor such that 1t
provides an output signal, and a signal processor 220 con-
structed to communicate with the optical receiver 218 to
receive the output signal. The optical transmitter 216, optical
receiver 218 and signal processor 220 can be packaged
together, or can be separate individual and/or distributed
components. The signal processor can be a dedicated, “hard-
wired” device and/or a programmable device, such as, but not
limited to a computer. The signal processor 220 1s configured
to determine a change 1n the reference distance 214 of the
interferometric optical sensor from the output signal from the
optical receiver 218 and to determine at least one of an applied
force, an applied torque or a local temperature change. In an
embodiment, the signal processor 220 can be configured to
determine a change in the reference distance 214 of the inter-
ferometric optical sensor 208 from the output signal from the
optical receiver 218 and use it to determine an applied force
on the tool tip 222 of the surgical section 210 with the tissue
224 taking into account a local temperature change.

The interferometric optical sensor 1n sensor section 208 1s
an extrinsic type Fabry-Perot sensor, such as described in the
bottom of FIG. 3 and FIG. 4. The reference distance 214 of the
interferometric optical sensor 1s defined by two opposing
surfaces of a gap. Each of the two opposing surfaces 1s at least
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a partially reflecting surface. If desired, the reflecting surface
226 can be totally reflecting while the opposing retlecting
surface 1s partially reflecting due to an interface of two mate-
rials with different refractive indices. The sensor section 208
can include a compliant material or structure that can be
compressed and elongated 1n response to varying forces
applied to the surgical section 210 to provide a change 1n the
reference distance 214. For example, the sensor section 208
can include, but1s not limited to, a cylindrical elastic material,
or a micromachined cylindrical section.

The surgical tool system 200 further includes an optical
fiber 228 extending along an internal portion of the body
section 206 to the sensor section 208 of the surgical tool 202.

In some embodiments, the surgical tool 202 can be, but 1s
not limited to, a micro-surgical tool. In some embodiments,
the micro-surgical tool can be, but 1s not limited to, a needle,
a pick, a scalpel, forceps, scissors, or a trocar.

FI1G. 7A 1s a schematic 1llustration of a surgical tool system
300 according to another embodiment of the current mven-
tion. The surgical tool system 300 includes a surgical tool
302, and an interferometry system 304 optically coupled to
the surgical tool 302. The surgical tool 302 includes a body
section 306, a sensor section 308 at least one of attached to or
integral with the body section 306, and a surgical section 310
at least one of attached to or integral with the sensor section
308 at an opposing end 312 of the sensor section 308 from
said body section 306. The sensor section 308 includes a
plurality of interferometric optical sensors defining corre-
sponding reference distances 314 that change 1n response to
at least one of a force or a torque when applied to the surgical
section 308 of the surgical tool 302. (See, also, FIG. 7B
corresponding to the cut line indicated 1 FIG. 7A.) In this
example, there are four Fabry-Perot interferometers arranged
circumierentially. However, the concepts of the current
invention are not limited to the particular number and
arrangement of the interferometers. There could be one, two,
three or four interfereometers, or even more according to
some embodiments. They could also be arranged 1n various
patterns, such as, but not limited to, one centrally, and none,
one, two, three or more arranged circumierentially, for
example. However, other arrangements of interferometers
can be used according to other embodiments of the current
invention.

The interferometry system 304 includes an optical trans-
mitter 316 arranged to transmit light to the plurality of inter-
ferometric optical sensors, an optical recerver 318 arranged to
detect light returned from the plurality of interferometric
optical sensors such that 1t provides an output signal, and a
signal processor 320 constructed to communicate with the
optical receiver 318 to recerve the output signal. The optical
transmitter 316, optical recerver 318 and signal processor 320
can be packaged together, or can be separate individual and/or
distributed components. The signal processor can be a dedi-
cated, “hard-wired” device and/or a programmable device,
such as, but not limited to a computer. The signal processor
320 1s configured to determine a change in the reference
distances 314 of the plurality of interferometric optical sen-
sors from the output signal from the optical receiver 318 and
to determine at least one of an applied force, an applied torque
or a local temperature change. In an embodiment, the signal
processor 320 can be configured to determine a change 1n the
reference distances 314 of the interferometric optical sensors
from the output signal from the optical recerver 318 and use 1t
to determine an applied force on the tool tip 322 of the
surgical section 310 with the tissue 324 taking into account a
local temperature change.
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The interferometric optical sensors 1n sensor section 308
are intrinsic type Fabry-Perot sensors, such as described 1n
the top of FIG. 3. However, one or more could be constructed
as extrinsic Fabry-Perot sensors. These sensors can be con-
structed similar to the intrinsic and extrinsic Fabry-Perot sen-
sors described with respect to the above embodiments, for
example.

The surgical tool system 300 further includes a plurality of
optical fibers 328 extending along an internal portion of the
body section 306 to the sensor section 308 of the surgical tool
302.

In some embodiments, the surgical tool 302 can be, but 1s
not limited to, a micro-surgical tool. In some embodiments,
the micro-surgical tool can be, but 1s not limited to, a needle,
a pick, a scalpel, forceps, scissors, or a trocar.

FIG. 8 A 15 a schematic 1llustration of a surgical tool system
400 according to another embodiment of the current mven-
tion. The surgical tool system 400 includes a surgical tool
402, and an interferometry system 404 optically coupled to
the surgical tool 402. The surgical tool 402 includes a body
section 406, a sensor section 408 at least one of attached to or
integral with the body section 406, and a surgical section 410
at least one of attached to or integral with the sensor section
408 at an opposing end 412 of the sensor section 408 from
said body section 406. The sensor section 408 includes a
plurality of interferometric optical sensors defining corre-
sponding reference distances 414 that change in response to
at least one of a force or a torque when applied to the surgical
section 408 of the surgical tool 402. (See, also, FIG. 8B
corresponding to the cut line indicated 1n FIG. 8A.) In this
example, there are four Fabry-Perot interferometers arranged
circumierentially. However, the concepts of the current
invention are not limited to the particular number and
arrangement of the interferometers. There could be one, two,
three or four interfereometers, or even more according to
some embodiments. They could also be arranged 1n various
patterns, such as, but not limited to, one centrally, and none,
one, two, three or more arranged circumierentially, for
example. However, other arrangements of interferometers
can be used according to other embodiments of the current
ivention.

The interferometry system 404 includes an optical trans-
mitter 416 arranged to transmit light to the plurality of inter-
ferometric optical sensors, an optical receiver 418 arranged to
detect light returned from the plurality of interferometric
optical sensors such that it provides an output signal, and a
signal processor 420 constructed to communicate with the
optical receiver 418 to recerve the output signal. The optical
transmitter 416, optical recerver 418 and signal processor 420
can be packaged together, or can be separate individual and/or
distributed components. The signal processor can be a dedi-
cated, “hard-wired” device and/or a programmable device,
such as, but not limited to a computer. The signal processor
420 1s configured to determine a change in the reference
distances 414 of the plurality of interferometric optical sen-
sors from the output signal from the optical recerver 418 and
to determine at least one of an applied force, an applied torque
or a local temperature change. In an embodiment, the signal
processor 420 can be configured to determine a change 1n the
reference distances 414 of the interferometric optical sensors
from the output signal from the optical recerver 418 and use 1t
to determine an applied force on the tool tip 422 of the
surgical section 410 with the tissue 424 taking into account a
local temperature change.

The mterferometric optical sensors in sensor section 308
are intrinsic type Fabry-Perot sensors, such as described 1n
the top of FIG. 3. However, one or more could be constructed
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as itrinsic Fabry-Perot sensors. These sensors can be con- Any interferometric method known 1n the art [5, 20] may
structed similar to the intrinsic and extrinsic Fabry-Perot sen- be used to measure the change Dz 1n axial displacement of the
sors described with respect to the above embodiments, for  reflecting surface in response to a force change Df in the axial
example. force exerted on the tool. In one embodiment, Fabry-Perot

The surgical tool system 400 turther includes a plurality of 5 jnterferometry [5, 20, 27] may be used. In another embodi-
optical fibers 428 extending along an internal portion of the ment, a common-path optical coherence tomography
body section 306 to the sensor section 408 of the surgical tool (CPOCT) system [28-30] may be used. In both cases, to
402.

achieve high sensitivity, phase sensitive measurement needs
to be employed. The phase of the Fabry-Perot interferometer
can be extracted from the interferogram using;:

In some embodiments, the surgical tool 402 can be, but 1s
not limited to, a micro-surgical tool. In some embodiments, 10
the micro-surgical tool can be, but 1s not limited to, a needle,

a pick, a scalpel, forceps, scissors, or a trocar.

Sensor sections according to various embodiments of the
current imnvention can include a compliant component that1s a
micro-machined tube comprising flexures, for example. In 15
some embodiments, the micro-machined tube may consist of

b = arct m{ Im(F (fnreﬁemmgmm)] 4:e'rﬁt

Re(F(interferomgram) - E <

Nitinol material, although other elastic materials may be sub- thus giving another accurate method for computing Dz.

stituted, depending on the desired stifiness and other opera- Any convenient calibration method known 1n the art may
tional properties for the intended application”. Examples be used to determine the compliance C_relating Az and Af_, so
include, but are not limited to steel and titanium. In some 20 thatthe relation Af =C_Az may be used to determine Af. from
embodiments, the sensor section can further include a com- a measured value Az with high sensitivity. Assuming this
pliant sealing material disposed in gaps between the flexures simple model, the distance z=z,+Az corresponds to a force

of the micro-machined tube. The compliant section can
include a material that 1s substantially transparent to an oper-
ating wavelength of the interferometric optical sensor. Sensor 25
section according to some embodiments of the current inven-
tion can further include a flexible membrane attached around
the compliant section to provide a shield.

We can now 1llustrate some concepts with a simple 1-DOF
axial force sensing tool, shown i FIGS. § and 6. In this 30
example, a small compliant section 1s placed on the distal
portion of the tool shatt, proximal to the portion of the tool tip

f =t +Al =C_x(z,+Az). It 1s customary to “re-bias” the force
sensor 1 common use by measuring the displacement z,
corresponding to some “zero” force f_,=0, and then subtract-
Ing 7z, ifrom the measured value of z, 1.¢., we take Az=z Zo
and £ =C_Az.

This basic design may be extended to provide sensing of
multiple degrees-of-freedom forces and torques. Consider
the tool designs shown 1n FIGS. 7A and 8A. In this case, a
compliant tool section 1s placed between the proximal tool

meas

that may experience any tool-tissue interaction forces. For shaft and the distal portion of the tool that contacts tissue.
simplicity, we will assume that the compliant section only Multiple fibers are passed along the proximal tool shaft and
complies to forces exerted on the tool tip ina direction parallel 35 arranged so that light can pass from the fibers to reflective
to the tool shaft axis. Any one of a number of known struc- surfaces that move with the distal portion of the tool, so that
tures may be used to provide the compliant section. For light 1s reflected back up the fibers into the interterometry
example: system. One typical arrangement of fibers 1s shown 1n FIGS.
A flexure structure may be etched or machined into the end 7A and 8A.
of the microsurgical tool shatt. 40

" _ L
A separate compliant material (different from that of the For conventence, let ' —[tl,L.tm] bea V?CtOI‘ Offf?‘f ces and
tool shaft) may be fabricated and attached to the end of torques resolved at a known point on the distal portion of the

the tool shait. One example of such a material might be tool. Let D2 =[z,,L,z,]* be a vector of measured displace-

a polymeric material. ments of the reflecting surface from some assumed “zero”

An optical fiber 1s passed down the tool shaft, so that light 45 0116 nosition, typically measured as a result of a “re-bias-
passing through the fiber bounces off a reflecting surface that

. . . . . M 22 : : r S
moves with the tool tip portion of the tool (1.e., that portion g’ step. Then we have the compliance relation Dz =K 4.,

distal to the compliant section) and back into the fiber. In
some applications, 1t may be necessary to provide an addi-
tional reference retlecting surface on the distal end of the 50
fiber, using standard means know 1n the art. The compliant

! and { :CmﬁDg , where C=K™ 1s an appropriate pseudo-
iverse of K. For example, suppose that the tool tip 1s located
at coordinates [0,0,0]7, that the reflecting surface is perpen-

section is so constructed that light can pass from the fiber to dicular to the tool shaft (g ) axi1s, and that there are four fibers
the retlecting surface and back again. This may easily be arranged so that the reflecting points are at

accomplished 11 the compliant section has the general form of -

a tube, so that there 1s a clear path between the fiber and the 55 X ~=[0,rh]

reflecting surface. For example, the machined flexure struc-

ture of FIG. 2B has this form. Alternatively, the compliant I
. . X z=[0,~r,h]
structure may be made of some transparent solid material
with consistent elastic properties. If the index of refraction of ;
this material 1s not different from the material in the fiber, then 60 X ~[-1,0,h]
a semi-reflecting mirror needs to be added to the end of the
fiber. In yet another embodiment, 1t may be desirable to “fill” I
a flexure-style compliant structure such as that in FIG. 2B * p7[r0.h]
with a low stifiness, transparent compliant material to Suppose that we assume that only Cartesian forces (no
exclude contamination. Alternatively, the compliant structure 65 torques) are exerted at the tool tip. Then, to a first approxi-
may be covered with an appropriate tlexible sheath to accom- mation sufficiently accurate for small displacements we

plish the purpose of preventing contamination. might have, in an 1dealized situation,
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‘Azs] [ O rk, | h kz'_f_
Azg 0 —rk,/h k||

-~ f}?
Aze —rk, /b 0k, p
Azp | | rk,/h 0 k|7

where k , k., k_ are effective spring constants. After suitable

calibration, we can determine these coelficients and compute
a C. As a practical matter, most calibration methods will exert

1
a number of known forces f*) and measure the correspond-

ing displacement vectors z ® and then estimate C numeri-
cally. Note that the above formulas are intended for 1llustra-
tion only. There 1s no specific requirement on the elements of
the matrix K, other than that the elements be consistent and
that the pseudo-inverse C=K™ be computable. Different com-
pliant structures will produce different matrices.

We note that although this example assumes that the optical
fibers and light paths to the reflectors are arranged to run
parallel to the tool shatt, this 1s not at all required. Depending,
on the design requirements of specific tools they may be
arranged to run at any arbitrary directions and have any arbi-
trary displacements relative to the tool. As a general propo-

sition, the tool should be designed so that systems IL:') =C,___A

mxd
g and A g :Kdmg are numerically well conditioned and
that any of the desired forces and torques produce significant
measurements of the corresponding Az

So far, this discussion has 1gnored the effect of thermal
expansion of the surgical instrument. In general, a tempera-
ture change AT 1n the compliant section of the tool can cause
a change 1n the measured values of the Az,

AEZK

comply

+K, ., AL

femp

where we can usually approximate

i kffmp,l
O

K temp ~ kffmﬁ';f

O

kl‘fmp,d |

In many circumstances (for instance if AT 1s very small or

it 1K, ATI<<IK .. zyg | over the time period that measure-
ments are needed) the temperature effects may be 1gnored.
Alternatively, suitable calibration procedures may be used to
esimate K __, ;. and K, ., provided that there 1s sutficient
redundancy 1n the sensing system and compliant structure
design to separate changes 1n Az due to temperature changes
and changes due to forces to be measured.

FIGS. 9A-9C show further details of a 3-DOF FP force
sensor similar to that described above. In this case, three
optical fibers placed at 120 degree angles about the tool shaft
are provided, thus providing a minimal configuration for
sensing three force components. If desired, a fourth fiber
sensor may easily be provided as shown 1n FIGS. 7A and 8A
in order to provide redundancy or temperature compensation.
Or the illustrated arrangement of 3 fibers around the sides of
the tool could be supplemented with a fourth fiber runming
down the middle of the tool, as shown 1n FIG. 10. Alterna-
tively, this 3-fiber configuration may be used to sense only
lateral forces, with temperature compensation.
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In this case, the compliant section 1s constructed from a
micro-machined Nitinol (nickel-titanium alloy) tube. FIG. 11
shows several concepts with finite element simulations of
deflections under 1 mN axial force.
FIG. 12 shows an alternative solution where the metal
flexure 1s replaced with a cylinder made by transparent plastic
with consistent elastic properties. Advantages of this concept
include: simplicity and low cost; easier cleaning; strength and
robustness.
In other embodiments, there 1s no requirement that all
optical fibers use the same sensing method. For example, 1n
the arrangement of fibers 1s as 1 FIG. 10, the lateral fibers
could be FBG sensors attached to the sides of the shaft and the
central fiber could be a Fabry-Perot sensor looking at a mirror
at the distal end of an axially compliant section between the
tool shaft and tool tip. The FBG sensors could be used to
measure lateral forces, which bend the shatt, and the Fabry-
Perot sensor could be used to measure axial forces compress-
ing the axially compliant section.
Surgical tools and surgical tool systems according to some
embodiments of the current invention can be used to provide
teedback to the surgeon by, for example, haptic, visual and/or
audio feedback.
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The embodiments 1llustrated and discussed in this specifi-
cation are mtended only to teach those skilled in the art how
to make and use the invention. In describing embodiments of
the ivention, specific terminology 1s employed for the sake
of clarity. However, the invention 1s not intended to be limited
to the specific terminology so selected. The above-described
embodiments of the invention may be modified or varied,
without departing from the mvention, as appreciated by those
skilled 1n the art 1n light of the above teachings. It i1s therefore
to be understood that, within the scope of the claims and their
equivalents, the invention may be practiced otherwise than as
specifically described.

We claim:

1. A surgical tool system, comprising:

a surgical tool; and

an mterferometry system optically coupled to said surgical
tool,

wherein said surgical tool comprises:
a body section;
a sensor section at least one of attached to or integral

with said body section; and
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a surgical section at least one of attached to or integral
with said sensor section at an opposing end of said
sensor section from said body section,

wherein said sensor section comprises an interierometric

optical sensor defining a reference distance that changes

in response to at least one of a force or a torque when
applied to said surgical section of said surgical tool,

wherein said sensor section comprises a compliant com-
ponent attached on one end to said body section and on
an opposing end to said surgical section,

wherein said compliant component 1s a micro-machined

tube comprising flexures, and

wherein said sensor section further comprises a compliant

sealing matenal disposed 1n gaps between said flexures

ol said micro-machined tube.

2. The surgical tool system according to claim 1, wherein
said interferometry system comprises:

an optical transmitter arranged to transmit light to said

interferometric optical sensor;

an optical recerver arranged to detect light returned from

said interferometric optical sensor to provide an output

signal; and

a signal processor constructed to communicate with said

optical recerver to recerve said output signal.

3. The surgical tool system according to claim 2, wherein
said signal processor 1s configured to determine a change 1n
said reference distance of said interferometric optical sensor
from said output signal from said optical receiver and to
determine at least one of an applied force, an applied torque or
a local temperature change.

4. The surgical tool system according to claim 2, wherein
said signal processor 1s configured to determine a change 1n
said reference distance of said interferometric optical sensor
from said output signal from said optical receiwver and to
determine an applied force taking into account a local tem-
perature change.

5. The surgical tool system according to claim 1, wherein
said reference distance of said interferometric optical sensor
1s defined by two opposing surfaces of a solid material,
wherein each of said two opposing surfaces are at least par-
tially retlecting surfaces, said solid material being a compli-
ant solid material that can be compressed and elongated 1n
response to varying forces applied to said surgical section to
provide a change 1n said reference distance.

6. The surgical tool system according to claim 1, wherein
said reference distance of said interferometric optical sensor
1s a gap defined by two opposing surfaces of corresponding
solid materials that are at least partially reflecting surfaces
reserving said gap therebetween, said gap being further
defined by a compliant material arranged between said body
section and said surgical section such that said compliant
material can be compressed and elongated 1n response to
varying forces applied to said surgical section to provide a
change 1n said gap reserved between said two opposing sur-
faces.

7. The surgical tool system according to claim 1, wherein
said compliant component comprises a material that 1s sub-
stantially transparent to an operating wavelength of said inter-
ferometric optical sensor.

8. The surgical tool system according to claim 1, wherein
said sensor section further comprises a flexible membrane
attached around said compliant component to provide a
shield.

9. The surgical tool system according to claim 1, wherein
said sensor section further comprises a plurality of interfero-
metric optical sensors defining respective reference distances
that change in response to at least one of a force or a torque
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applied to said surgical section of said surgical tool, or a
change 1n temperature of said sensor section of said surgical
tool.

10. The surgical tool system according to claim 9, further
comprising a signal processor constructed to communicate
with said optical recewver to receive said output signal,
wherein said signal processor 1s configured to determine a
change 1n said reference distances of said plurality of inter-
terometric optical sensors and to determine at least one of a
plurality of applied force components or a plurality of applied
torque components.

11. The surgical tool system according to claim 9, further
comprising a plurality of optical fibers extending along an
internal portion of said body section to said sensor section of
said surgical tool.

12. The surgical tool system according to claim 1, further
comprising an optical fiber extending along an internal por-
tion of said body section to said sensor section of said surgical
tool.

13. The surgical tool system according to claim 1, further
comprising a fiber Bragg grating sensor disposed 1n said body
section to measure bending of at least a portion of said body
section of said surgical tool.

14. The surgical tool system according to claim 1, wherein
said surgical tool 1s a micro-surgical tool.

15. The surgical tool system according to claim 14,
wherein said micro-surgical tool 1s one of a needle, a pick, a
scalpel, forceps, scissors, or a trocar.

16. A surgical tool, comprising:

a body section;

a sensor section at least one of attached to or integral with

said body section; and

a surgical section at least one of attached to or integral with

said sensor section at an opposing end of said sensor
section from said body section,

wherein said sensor section comprises an nterferometric

optical sensor defining a reference distance that changes
in response to at least one of a force or a torque applied
to said surgical section of said surgical tool,

wherein said sensor section comprises a compliant com-

ponent attached on one end to said body section and on
an opposing end to said surgical section,

wherein said compliant component 1s a micro-machined

tube comprising flexures, wherein said sensor section
further comprises a compliant sealing material disposed
in gaps between said flexures of said micro-machined
tube.

17. The surgical tool according to claim 16, wherein said
reference distance 1s defined by two opposing surfaces of a
solid material, wherein each of said two opposing surfaces are
at least partially reflecting surfaces, said solid material being
a compliant solid material that can be compressed and elon-
gated 1n response to varying forces applied to said surgical
section to provide a change in said reference distance.

18. The surgical tool according to claim 16, wherein said
reference distance 1s a gap defined by two opposing surfaces
of corresponding solid materials that are at least partially
reflecting surfaces reserving said gap therebetween, said gap
being further defined by a compliant material arranged
between said body section and said surgical section such that

said compliant material can be compressed and elongated 1n
response to varying forces applied to said surgical section to
provide a change in said gap reserved between said two
opposing surfaces.
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19. The surgical tool according to claim 16, wherein said
compliant component comprises a material that 1s substan-
tially transparent to an operating wavelength of said interfero-
metric optical sensor.

20. The surgical tool according to claim 16, wherein said
sensor section further comprises a flexible membrane
attached around said compliant component to provide a
shield.

21. The surgical tool according to claim 16, wherein said
sensor section further comprises a plurality of interferometric
optical sensors defining respective reference distances that
change 1n response to at least one of a force or a torque applied
to said surgical section of said surgical tool, or a change in
temperature of said sensor section of said surgical tool.

22. The surgical tool according to claim 16, further com-
prising an optical fiber extending along an internal portion of
said body section to said sensor section of said surgical tool.

23. The surgical tool according to claim 21, further com-
prising a plurality of optical fibers extending along an internal
portion of said body section to said sensor section of said
surgical tool.

24. The surgical tool according to claim 16, further com-
prising a fiber Bragg grating sensor disposed in said body
section to measure bending of at least a portion of said body
section of said surgical tool.
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